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ABSTRACT

Large phased array antenna systems are being considered for space-based
radar (SBR) applications. One particular moving target indicator (MTI) radar
system concept which looks promising uses the displaced phase center antenna
(DPCA) implementation to cancel background clutter. Ignoring signal gen-
eration/processing issues, the ability to cancel clutter rests primarily on the
DPCA array forming two (or more) displaced phase center radiation patterns
having identical main beam characteristics. In an ideal array with no mutual
coupling and no hardware errors, a DPCA array would have identical main
beams. However, in a practical array, mutual coupling between the array el-
ements will cause the displaced phase center antenna main beam shapes to
become amplitude and phase mismatched. Thus, clutter can only be partially
cancelled. It is desirable to quantify the effects of mutual coupling on DPCA
performance.

The method of moments is used to model finite arrays of thin-wire an-

-tennas over an infinite ground plane. In this way, array mutual coupling and

array edge effects are included in a numerical simulation of a DPCA phased
array. Both sub-scale and full-scale SBR corporate-fed phased arrays are ana-
lyzed. Upper-bound DPCA clutter cancellation capability, in terms of radia-
tion pattern match, is presented. The influence of main beam scan angle, array
illumination, phase center displacement, array size, array lattice, number of
passively terminated element guard bands, and radiating element type on two-
phase center DPCA clutter cancellation is investigated. Dipole and monopole
arrays having square and hexagonal lattices are analyzed. It is shown quantita-
tively that variation of the above array parameters can influence substantially
the DPCA clutter cancellation.
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1. INTRODUCTION

In airborne or spaceborne radar systems applications, moving target indicator (MTI)
techniques are used to distinguish scatterers containing a velocity component above some
minimum detectable velocity (MDV) from those scatterers moving at speeds less than the
MDV. Two well-known MTI techniques are pulse Doppler (PD) and displaced phase cen-
ter antenna (DPCA). In a pulse Doppler radar system, the antenna main beam width is
used to separate desired targets (above the MDV) from clutter or scatterers moving at less
than the MDV. With DPCA, ground clutter is cancelled by utilizing appropriate signal
generation/processing and two (or more) independent precision-matched radiation patterns
generated by a single antenna [1,2].

The displaced phase center antenna concept has application in the design of a space-
based radar (SBR) system [3]. Clutter cancellation of 40 to 50 dB is often discussed in
the SBR context. A two-phase center DPCA system is depicted in Figure 1-1, where a
moving target and a moving SBR DPCA platform are shown. Here, the full aperture is
used for two successive pulse transmissions and, on receive, two displaced portions of the
aperture are used. The phase center displacement between the receive apertures is adjusted
to compensate for the platform velocity. Thus, for two pulses separated in time by one pulse
repetition interval (PRI) the first reception occurs at the forward phase center. During a
PRI, the clutter is effectively stationary; however, during this interval the target moves. Due
to this movement, the target has a relative phase shift. There is no such phase shift from
the clutter during this time. In simplistic terms, when the signals received by the two phase
centers are subtracted, the clutter is significantly cancelled. The corresponding target return
depends on the amount of target phase shift in one PRI. The amount of clutter cancellation
achieved is limited by how well the two phase center radiation patterns are matched, in
amplitude and phase, primarily over the main beam. The main beam pattern match is
affected by array geometry and scan conditions (due to array element mutual coupling), and
hardware tolerances (such as the transmit/receive (T/R) modules and the beamformer). In
this report, the effects of array mutual coupling alone are considered. Other common sources
of error (phase-center offset, antenna deformation, receiver channel mismatch, T/R module
amplitude and phase errors, etc.) have been analyzed by Miller [4].

The displacement (separation) between the phase centers of the two receive antennas is

denoted by A. To achieve the desired clutter cancellation, this separation must be related
to the PRI of the radar waveform by the “DPCA condition”

A=2V,T, (1.1)




EQUIVALENT
MONOSTATIC RADAR

LOCATION \

CLUTTER AND
MOVING TARGET

Figure 1-1. Two-phase center DPCA radar platform showing transmit and
receive phase centers for consecutive pulses.
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where T is the PRI and V}, is the platform speed [5]. To eliminate the blind speeds associated
with a simple pulse-train waveform, a practical system will base target detection on a non-
coherent combination of many coherent processing intervals, each with a slightly different
PRI, chosen according to a suitable algorithm. Thus, a range of phase center separations,
typically varying by a factor of two between largest and smallest, must be provided by the
antenna system.

Movement of the phase centers in a displaced phase center antenna is accomplished using
amplitude illumination control. Consider Figure 1-2 which depicts two examples for displaced
receive apertures - overlapped and split. The phase center displacement is denoted by the
symbol A. As A increases, the size of each phase center subaperture decreases. Hence,
the width of the receive antenna main beam increases as the phase center displacement
increases. Phase center displacement in a phased array antenna is conveniently effected by
means of attenuators in the transmit/receive modules. Unused elements in the phase center
are “turned off” to a large value of attenuation, typically in a matched load impedance.
After performing amplitude and phase weighting in each module, the received signals in
each phase center are summed in a coherent power combiner (corporate feed) as shown in
Figure 1-3. Notice that array mutual coupling is represented by the curved arrows emerging
from the various array elements.

It has already been mentioned that module errors will not be treated in this report.
If there was no array mutual coupling as well, then the radiation patterns generated by
two subapertures would be identical. However, array mutual coupling is always present
in a practical antenna and this leads to mismatch in the displaced phase center antenna
aperture illumination functions and, thus, the patterns as well. The reason for this can be
easily seen in referring to Figure 1-4 where the two subarrays are fully split apart. There
is a mirror symmetry in the subarray geometries with respect to the boundary line between
the forward and trailing phase centers. For example, the forward phase center has as many
terminated elements to its left as the trailing subarray has to its right. However, the subarrays
are not symmetrically surrounded by terminated elements. In an infinite array, even with
mutual coupling, forward and trailing subarrays would produce radiation patterns which
are perfectly matched. Since, in practice, the subarrays are embedded within a finite array,
array edge effects will cause the forward and trailing subarray radiation patterns to become
mismatched. Guard bands of passively terminated elements will tend to restore the symmetry
of the two phase centers. Note that guard bands are commonly used to provide impedance
matching to edge elements of a phased array antenna.
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An experimental sub-scale SBR DPCA phased array has recently been built. The ac-
tive portion of the antenna consists of 96 monopole elements arranged in a hexagonal lattice
having 8 rows and 12 columns. Two guard bands of passively terminated elements surround
the 96-element active array to reduce edge effects. Using various measurement techniques
[6,7], limited DPCA testing of this antenna has been performed. Many questions remain re-
garding the possible influence of phased array antenna design on DPCA clutter cancellation.
Fundamental design parameters for a DPCA phased array are:

e size of array

e type of array antenna elements

array lattice

number of passively terminated element rows (guard bands)
e phase center displacement

e scan sector

To quantify the effects of varying these design parameters experimentally would require a
great deal of effort. In contrast, theoretical calculations involving changes in the array de-
sign parameters can easily be accomplished. It was decided then, in order to gain a better
understanding of how phased array antenna design affects DPCA clutter cancellation perfor-
mance, to perform a detailed theoretical study. Both sub-scale and full-scale SBR antenna
designs are examined in this report. Only corporate-fed phased arrays will be examined
here. Space-fed lens DPCA phased arrays are examined briefly in reference 12. Antenna
array elements typically considered for the SBR application are monopoles (broadside null)
and dipoles (broadside maximum) [8]. These antenna elements are readily analyzed using
the method of moments [9-11]. Figure 1-5 shows monopole and dipole antenna elements and
their theoretical center element patterns in an array. In computing these radiation patterns,
an 1l-row by 1l-column array with a square lattice has been assumed. Notice that the
monopole has a null at broadside compared to the dipole which has a peak at broadside.
The useable scan sector for an array of monopoles is from 30 to 60° from broadside. In con-
trast, the dipole array scan sector covers 0 to 60° from broadside. Monopoles are sometimes
considered for a low-altitude space-based radar system where the broadside null is actually
useful in reducing the nadir (high grazing angle) clutter. The method of moments is known
to be accurate in predicting the performance of monopole and dipole arrays. For example,
the input impedance and radiation patterns of monopole phased arrays have been computed,
recently, using the method of moments and are in good agreement with measurements [9].

This report is organized as follows: In Section 2, a brief description of the theory is
given. In Section 3, results are presented for sub-scale and full-scale SBR DPCA arrays.




ARRAY GEOMETRY THEORETICAL ELEMENT PATTERN

4

A4 MONOPOLE SCAN SCAN
o SECTOR SECTOR
0
2 -0
a CENTER )
S -20 | MONOPOLE (a
5 11x11 ARRAY
% -30 - SQUARE LATTICE
< _40 1 1 l ]
-90 -60 -30 0 30 60 90
INFINITE GROUND PLANE
¥4
M2 DIPOLE SCAN SECTOR
|~ >
0
S -0}
\ o
g -20 b CENTER {b)
e DIPOLE
i 11x 17 ARRAY
% SQUARE LATTICE
< _40 ] ] ] ] 1

-90 -60 -30 0 30 60 90
6, ANGLE FROM BROADSIDE {deg)

128883-24

Figure 1-5. Array antenna elements and center element radiation patterns:
(2) monopoles and (b) dipoles.




The effects of scan angle, phase center displacement, type of radiating element, and number
of passively terminated guard bands are examined in detail. A sub-scale SBR 96-element
planar array is described and analyzed in Section 3.1. Comparisons of theory and available
measured data are made. In Section 3.2, a sub-scale SBR 32-element linear array is studied.
Sub-scale and full-scale SBR arrays, up to a size of 16 meters, are investigated in Section 3.3.
The results presented in this report make it possible to place an upper bound (due to array
mutual coupling effects) on the DPCA cancellation which can be achieved with a given size
array antenna. The situation of more than two phase centers is readily handled under the
theoretical framework presented here; however, only two-phase center DPCA is investigated
in this report.




2. THEORY

2.1 METHOD OF MOMENTS

As mentioned earlier, in this report both dipole and monopole arrays over an infinite
ground plane will be analyzed. Bandwidth effects will not be addressed in this report and so
optimization of the element design is not under consideration. The two basic array elements,
A/2 dipole and A/4 monopole (where X is the wavelength), are depicted in Figure 2-1. These
elements are assumed to be thin cylindrical wire antennas close to resonance, which allows
a convenient formulation of the method of moments. A previous report [10] has given a
moment method formulation for monopole arrays. A very similar formulation can be given
for dipole arrays. The mathematical details of the formulation will be covered only briefly
here. ' ' ‘

In the method of moments, boundary conditions are used to find the antenna response
(current) to a given excitation (voltage). The excitation here is the amplitude and phase in-
cident at each element of the phased array. Due to mutual coupling or the mutual impedance
between array elements, the actual illumination achieved will be different from the theoretical
desired. It is this deviation from the ideal that DPCA performance will depend on.

It is assumed that there is one unknown complex current per element of the array. The
current distribution is assumed to be piecewise sinusoidal. This current distribution is used
as the moment method basis and testing functions. When the basis functions and testing
functions are the same, this is known as a Galerkin’s formulation. For a piecewise-sinusoidal
Galerkin’s moment method formulation, the mutual impedance between array elements is
readily computed [13 ].

The geometry for a finite array of dipoles or monopoles over ground plane is shown in
Figure 2-1. Standard spherical coordinate angles (6, ¢) are used to describe the observation
position for far-field pattern computation. The ground plane is located in the z = 0 plane.
The dipoles are & polarized and the monopoles are 2 polarized. Using image theory, the
ground plane can be removed from the analysis. For a monopole array, an equivalent dipole
array results (Figure 2-1(b)). For a dipole array, removal of the ground plane is accomplished
by adding an image array of dipoles (Figure 2-1(d)). In theory, the monopole radiates (or
receives) only the Ej electric field component. In the ¢ = 0° plane, the principal polarization
for the dipole is the Fy component. In the ¢ = 90° plane, the dipole principal polarization
is the E4 component. However, for a radar application, the slant-linear polarization (total
electric field) is of interest. The radiation pattern of a vertical dipole is well known and is
expressed (in primed coordinates) as

Eqy = j60i, Py (0) (2.1)

11
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cluded.
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where ¢, is the complex terminal current for the nth element and Py is the isolated-element
normalized pattern which is given by

cos(Blcosd’) — cos(Bl)
sin(Bl)sind’

Py = (2.2)

where [ is the dipole half-length, and # = 27 /) is the propagation constant. It has been
assumed that the vertical dipole is 2’ oriented with ¢’ being the angle measured from the
axis of the dipole, as shown in Figure 2-2. Equation (2.1) is the required expression used
to compute the isolated element pattern for either a monopole array or dipole array. This
expression is the desired slant-linear polarization component of the electric field. To compute
the array pattern including mutual coupling effects it is necessary to compute the array
terminal currents defined above.

Consider Figure 2-3 which shows a circuit model for two elements (m,n) of an array
operating in the transmit mode. The driving source is a voltage generator in series with a
generator impedance. The generator and impedance load are connected to the terminals of a
radiating antenna element which has a self-impedance and a mutual impedance with respect
to every element of the array. Let Z represent the mutual impedance matrix for the array.
Referring to Figure 2-3, Z is expressed as

Z =2+ 7.1 (2.3)

where Z°% is the open-circuit mutual impedance matrix for the array, I is the identity
matrix, and Zy is the load impedance. Define v as the voltage excitation matrix of the
array. Then the array element terminal currents, denoted z, are found by solving the system
of equations written in matrix form as

v=2-1. (2.4)

Upon calculating the array terminal currents, the array radiation pattern including
mutual coupling is expressed as

a,'rray = ]GOPQ/ . AF (25)

where Py is given by Equation (2.1) and AF is the array factor which is given by

N
AF = Z inejﬁ(sin 0(zncos +ynsin d)+zncos §) (26)

n=1

13




Figure 2-2. Geometry for arbitrarily oriented dipole antenna in free space.

where(z,,,Yn, 2,) are the coordinates for the terminals of the nth element and t, is the
moment method terminal current for the nth element.

Finally, the relation between the observation angles (6, ¢) and ¢’ is determined as follows:
The dot product of the unit vectors in the dipole direction and the radial direction is simply,

2'-# = cos. (2.7)

Next, the unit vector in the radial direction is expressed in terms of the rectangular coordinate
system unit vectors as

7 = sinfcosd + sinfsindy + cosdz. (2.8)

14
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For z-directed dipoles (monopole plus image) z’ = % so that Equations (2.7) and (2.8)
produce

:nonopole = 0. (29)
Similarly, for x-directed dipoles it follows that
O2ipore = cos™(sinfcosd). (2.10)
2.2 DISPLACED PHASE CENTER ANTENNA CLUTTER CANCELLATION

To compute the clutter cancellation capability of two DPCA radiation patterns, it is
necessary to form the pattern correlation matrix

My M ]
M = 2.11
[ My Mo, (211
where the correlation between two channels is expressed as
M;; = [ [1E.(6, )P Ei(0,9)E; (6, )i+ A(0, $)dbdg (2.12)

where (0, ¢) are standard spherical coordinates, 1 = 1,2, j = 1,2, E,(8,¢) is the electric
field pattern of the transmitting antenna, E1(6, ¢) and E;(6, ¢) are the electric field patterns
of the two receiving antennas (* denotes conjugate), A(d,¢) is a weighting function that
depends on the radar waveform, the clutter model, and the geometry of the problem. In
this report, it is assumed that A(#,¢) = 1 so the clutter cancellation is dependent on the
antenna pattern match only. The electric field patterns E,(6, ¢) and E,(6, ) are measured
or computed with respect to their assumed phase center positions, which we take to be the
geometric centers of the excited portions of the respective apertures. The phase functions
¥, and 1, represent the effect of differences, in the longitudinal and transverse directions,
between the separation of these phase centers and the values required to meet the DPCA
condition mentioned earlier. The phase functions are expressed in terms of these spatial
differences by the following equations

Yy = 2—;—Axsz'n0cos¢ (2.13)
27 o
hy = TAyszn032n¢ (2.14)
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where A, and A, are the departures of the phase center separations, in the z (longitudinal)
and y (transverse) directions, from the values required by the DPCA condition.

The latter condition demands no phase center separation in the transverse direction,
assuming the phase centers are aligned with the direction of platform motion. Since the
antenna excitations are normally symmetric in this direction, A, is usually zero. The other
component, A, can be nonzero for a variety of reasons. For example, the radar PRI may be
incorrectly matched to the phase center separation. An example more relevant to this study
occurs if the geometrical centers are not representative of the actual phase centers of the
receive patterns. This will actually be the case when no guard bands are used, since mutual
coupling will modify the effective excitations, causing the actual currents to be complex and
shifting the phase centers. Illustrations of this effect are presented below. In any case, we
are not concerned with academic definitions of phase center position, but with the proper
choice of PRI to maximize clutter cancellation performance. With excitations distorted by
mutual coupling, it is not easy to predict the best PRI for a given set of antenna excitations,
and our examples will show that a departure from the geometrical spacing can sometimes
improve performance significantly. In any case, if the best spacing is known (from theoretical
analysis and/or testing), it is an easy matter to adjust the radar PRI to achieve it.

For a nadir-pointed SBR, as depicted in Figure 2-4, in Equation (2.12) the range of
integration will be 0 < ¢ < 27 and 0 < 0 < 0,4, Where

) (2.15)

where R, is the radius of the Earth (this is taken to be 3440 nmi) and A is the altitude of
the radar.

The DPCA arrangement with two phase centers may be viewed as an adaptive nulling
system with two antenna channels. Since the two patterns are expected to be very well
matched, and the pulse timing corresponds to the physical separation of their phase centers,
the returns from stationary clutter should be nearly equal in the two channels. The target
returns, however, will differ by a phase shift which is related to the actual target range rate
(Doppler), and this phase determines the ideal steering vector in the two-channel system. It
turns out, however, that nearly equal performance is attained when a single steering vector,
[1,0])7 is used. This is a mismatched steering vector, but it suffices for all target range rates
of interest, and hence simplifies the processing considerably. The performance of this two-
channel nulling system depends, of course, on the true target Doppler (range rate) being
very poor for targets with nearly zero Doppler, since these are lost in the clutter return. The
optimum target range rate is one-half the radar blind speed, and detection performance is
best for this case.

17
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Figure 2-4. Geometry for nadir-pointed space-based radar antenna.

The output SNR of this DPCA “nulling” system is, in any case, inversely proportional
to the quantity

| M, |

C=1-
My My,

(2.16)

which plays the role of a cancellation factor, reducing the clutter power perceived by the
radar. The results presented in this report will all be expressed in terms of this quantity,
since it can be related directly to system performance in the radar itself. A derivation of the
above equation is given in Appendix A.
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3. RESULTS

3.1 INTRODUCTION

In general, two-dimensional radiation patterns are required to completely evaluate the
DPCA performance of an antenna (see Equation (2.12)). However, in this report only one-
dimensional principal plane pattern cuts are used to calculate the DPCA performance, and
Equation (2.12) is replaced by the corresponding one-dimensional integral. Simulations have
shown that the one-dimensional pattern data yields cancellation results that are typically 3
to 4 dB higher than full two-dimensional data. Further, it is assumed here that the clutter
is incident only from angles less than 60° from broadside. This is the geometry which would
occur with a low-altitude SBR. To properly use the data which follows, it is desirable that
the mutual-coupling limited (upper-bound) cancellation be at least 5 to 10 dB higher than
the design goal. This is because of the assumption of one-dimensional data and the limited
clutter cutoff angle.

3.2 SUB-SCALE SBR 96-ELEMENT PLANAR PHASED ARRAY

In this section, theoretical predictions of the upper-bound DPCA clutter cancellation

for a sub-scale 96-element SBR phased array antenna are made. Previous reports [6,7] have
discussed measured DPCA performance for an experimental L-band 96-element test array.
Pertinent features of the antenna (array/element/module photographs and beamformer block
diagram) are depicted in Figure 3-1. The experimental array consists of monopole antenna
elements arranged in a hexagonal lattice with 5.0-inch spacing as depicted in Figure 3-2(a).
The monopole length is I = 2.3 inches and the monopole diameter is d = 0.125 inch. The
96-element active receive portion of the array is surrounded by two guard bands of elements
(the total number of guard elements is also 96). The array element spacing was chosen to
allow a full conical scan to 60° from broadside. The operating frequency range for this array
is 1.2 to 1.4 GHz with center frequency 1.3 GHz. The element spacing at center frequency
is, thus, 0.55A. The array amplitude and phase weighting was achieved using 6-bit phasers
and 7-step (coarse) attenuators. Two independent beamformers (coherent power combiners)
were used to implement two-phase center DPCA.

As mentioned earlier, with hardware it is often impractical to investigate the effects
of varying the antenna array parameters, such as type of radiating element and number of
guard bands. With software, variation of parameters is done relatively easy. In this section,
comparisons of method of moments predictions and published measurements will be made
where possible. Only a monopole array has been built and tested, but in the theoretical
simulations monopoles and dipoles have been analyzed. A layout for the theoretical arrays
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Figure 3-1. Ninety-six-element DPCA test array.
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is shown in Figure 3-2(b). Notice that the only difference between the experimental and
theoretical monopole arrays is in the ground plane size - the experimental ground plane of
course is finite and the theoretical ground plane has been assumed infinite. A finite ground
plane could be included in the theory at the expense of more computation time. At present,
the theory does not include any ground plane edge diffraction. The dipoles are assumed to
have the same wire diameter as the monopoles. The dipole half-length is = 2.2 inches and
the spacing above ground plane is h = 2.1 inches.

Consider first the theoretical radiation patterns of the monopole array when steered to
¢ = 50°. Figure 3-3 shows the transmit pattern using a -10 dB cosine tapered (no pedestal)
illumination. Figure 3-4(a,b) shows the receive patterns, amplitude and phase, respectively,
for the case where the phase center separation is three columns (15.0 inches). (The receive
illumination was also assumed to be a -10 dB cosine taper). The broadside null of the
monopole is apparent in these patterns. Notice that the amplitude and phase of the two
phase centers track very closely when || < 60°. For || > 60° the two phase centers become
mismatched. The importance of this is that the clutter cancellation capability is dependent
on the selection of cutoff angle in the evaluation of Equation (2.12). Figure 3-4(a,b) clearly
shows that the effect of mutual coupling is to create a mismatch between the two phase
centers. Similar results are found for dipole elements.

Consider now, Figure 3-5(a,b) which shows the cancellation of monopole and dipole
arrays for various scan angles (< 55°) as a function of phase center displacement in columns.
Notice that for both monopoles and dipoles the cancellation tends to slowly degrade as the
phase center displacement increases. For this particular array design (8 by 12 elements,
hexagonal lattice, two guard bands) it is observed that dipoles have a higher value of can-
cellation compared to monopoles.

For the monopole 40° scan case, experimental data for the test array was available.
These data are also plotted in Figure 3-5(a) using the symbol (e). Notice that the exper-
imental data lies about 10 dB below the theoretical predictions. This is expected because
the theory does not include any module errors; only mutual coupling effects. However, the
variation as a function of phase center displacement is in good agreement. In other words,
the theory is predicting the correct trend.

In Figure 3-6, the same theoretical results are replotted as a function of scan angle
for both monopoles and dipoles with 3- and 6-column phase center displacements. For the
monopole array, it can be concluded that the upper-bound cancellation is 50 dB at 40° scan,
but only 30 dB at 55° scan. For a dipole array, the upper-bound cancellation is 48 dB at
40° scan and 40 dB at 55° scan.

One of the potential effects of mutual coupling is to shift the phase centers from their as-
sumed positions, as mentioned in Section 2.2. The quantity A, defined there, can be thought
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Figure 3-3. Transmit radiation pattern using -10 dB cosine taper for the
96-element monopole test array. Scan angle is § = 50°.
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of as a tuning parameter, by which the radar PRI is optimized for the given excitations of
the receive antennas.

To demonstrate this effect, consider Figures 3-7 and 3-8 which depict cancellation as a
function of change in apparent phase center displacement for monopoles and dipoles. The
desired phase center displacement was chosen to be three columns (A; = 1.65)) and scan
angles of 40° and 55° were examined. Figure 3-7 is for the case where there are no guard
bands and Figure 3-8 is for two guard bands. Notice that the phase center displacement
difference A, (in wavelengths) is larger when there are no guard bands. For example, the
difference is as large as 0.125) for the 55° scan angle with monopoles. For the same case but
now with two guard bands (Figure 3-8(a)) the displacement difference is only —0.025). Thus,
one important feature of the guard bands is to stabilize the location of the phase center. The
other benefit of guard bands is to increase the cancellation capability as is demonstrated in
Figure 3-9. Here, the number of guard bands was varied from zero to four. The improvement
in performance is greater than 10 dB for the 40° scan case when two or more guard bands
are used compared to zero guard bands. It is interesting to note that the cancellation does
not improve substantially (only a few decibels) for the 55° scan with monopoles. The reason
for this is not yet explained. In all subsequent performance results shown in this report, it
has been assumed that the PRI is matched to the geometrical phase center spacing of the
antennas. In those cases (the majority) where guard bands are present, this value is very
close to the optimum choice. In the others, it may be assumed that performance could be
improved somewhat by a suitable adjustment of the PRI.

3.3 SUB-SCALE SBR 32-ELEMENT LINEAR PHASED ARRAY

A precision 32-element linear phased array antenna has been constructed for purposes
of developing and evaluating ground testing concepts for SBR performance verification [14].
The array operates at L-band and consists of monopole antenna elements arranged in 5
rows and 36 columns. Two rows of passively terminated elements completely surround the
center row of 32 active elements. The array elements are arranged in a square lattice with
spacing equal to 4.3 inches. The length and diameter of the monopole elements are 2.4 inches
and 0.125 inches, respectively. Measurements of the antenna radiation pattern performance
(single phase center only) of the 32-element array have been documented [14]. It is planned,
at a future date, to measure the DPCA clutter cancellation capability of the array.

A sketch of the corresponding theoretical monopole array over infinite ground plane is
shown in Figure 3-10. The shaded center row elements form the 32-element linear array.
As in the previous section, dipoles are also theoretically examined. The dipole half-length
is chosen to be 2.1 inches, the wire diameter is 0.125 inches, and spacing from the ground
plane is 2.1 inches. Each dipole is oriented in the Z direction.
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Figure 3-10. Sub-scale SBR 32-element linear test array with monopole el-
ements. Thirty-two elements in the center row are used to form the trans-
mit/receive patterns. Two guard bands of passively terminated elements sur-
round the 32-element linear array.

Predicted radiation patterns for a § = 50° scan angle with monopole elements are
shown in Figures 3-11 and 3-12. Figure 3-11 is a transmit radiation pattern using uniform
illumination across the full aperture. Figure 3-12(a,b) shows the receive radiation patterns
using a 40 dB Taylor taper and 8-column phase center displacement.

Consider now, Figure 3-13 which shows cancellation plotted as a function of phase
center displacement for various scan angles (§; < 55°). The array illumination for this
case is assumed to be uniform on transmit and 40 dB Taylor on receive. As was observed
in the previous section for the 96-element array, the cancellation degrades as the phase
center displacement increases. However, for this array lattice (square) and array size the
cancellation for monopoles is significantly better than for dipoles. This is the opposite of the
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results obtained for the 96-element array for which it was observed that dipoles performed
better than monopoles. The effect of array size and lattice is examined in more detail in the
next section.

Next, consider Figure 3-14 which shows cancellation as a function of scan angle for
32-element arrays of monopole and dipole elements. Calculations are shown for 8- and 16-
column phase center displacements and for two types of array illumination. The solid curves
are for uniform transmit illumination and 40 dB Taylor taper on receive, and the dashed
curves are for -10 dB cosine taper on transmit and receive. Note that the choice of taper
does affect the results. The effect of taper appears to be less significant for dipoles compared
to monopoles. In Figure 3-15(a) for the case of uniform transmit/40 dB Taylor receive
illumination, the effect of element type is depicted. Similarly, in Figure 3-15(b) (10 dB
cosine taper transmit/receive) monopoles and dipoles are compared.

The effect of number of guard bands is depicted in Figure 3-16. The number of guard
bands was varied from one to four and it is clear that increasing the number of guard
bands from one to two can improve the clutter cancellation. However, as this figure shows,

increasing the guard bands beyond two does not necessarily improve performance (observe
the 40° dipole case).

3.4 SUB-SCALE AND FULL-SCALE SBR PLANAR PHASED ARRAYS

The previous sections have dealt with specific phased array antenna designs - a 96-
element planar array and a 32-element linear array. In this section, the effect of the array
size on DPCA performance will be investigated. Array sizes up to 16 meters are considered.
The designation sub-scale array will be used arbitrarily to refer to antennas less than 12
meters in length. Of primary interest is the effect of array length along the dimension of
phase center displacement. The number of active rows is fixed at eight, and the number
of active columns is made variable, as depicted in Figure 3-17. With eight active rows and
two guard bands, for a 16-meter aperture there are a total of 148 columns by 12 rows (1776
unknowns) in the square lattice case. For the same aperture size, with a hexagonal lattice,
the number of columns is 132 and the number of rows is 12 (1584 unknowns). Both monopole
and dipole radiators are evaluated here. A low-altitude SBR system is assumed as in the
previous sections. The array element spacing is selected to provide +60° coverage. At center
frequency, 1.3 GHz, with a square lattice the element spacing is 0.473) and with a hexagonal
lattice the spacing is 0.55). The monopole length is 2.5 inches for the square lattice and 2.3
inches for the hexagonal lattice. The dipole half-length is 2.1 inches in the square lattice
and 2.2 inches in the hexagonal lattice. The dipole spacing over ground plane is 2.1 inches.

Consider Figure 3-18(a) which shows the cancellation as a function of number of active
columns for a square lattice. Here, the number of active columns has been varied from
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12 to 144. For the two scan angles shown, it is clear that the monopole offers a slight
improvement over dipoles. However, in Figure 3-18(b) (hexagonal lattice) the cancellation
is approximately the same for either monopoles or dipoles. Replotting the same results in
Figure 3-19(a,b), the effect of the array lattice on cancellation is clearly shown. The effect
of the lattice is greater for dipoles than for monopoles. In Figure 3-20(a,b) the same results
are again replotted, this time as a function of array length in meters. From these data it is
observed that, for arrays greater than 4 meters, the cancellation increases typically by 8 dB
when the array length increases by a factor of two. It should be noted that the cancellation
shown here does not include the effects of element weighting errors. That is, the high values
of cancellation may not actually be achieved in practice. The cancellation will be limited by
the random errors produced by the transmit/receive modules.

Now, consider the effect of varying the phase center displacement for a fixed size array
consisting of 8 active rows and 128 active columns. The array lattice is assumed to be
hexagonal and there are two guard bands. Two scan angles were considered for monopoles
and dipoles and the phase center displacement was varied from 8 to 64 columns. The results
are shown in Figure 3-21 where it is observed that the cancellation is insensitive to phase
center displacement.

To show that the above results do not depend on the number of active rows, the number
of columns was fixed at 128 and the number of active rows was varied from 4 to 16. The
array lattice is hexagonal and there are two guard bands. The phase center displacement
was assumed to be 64 columns. Figure 3-22 clearly shows that there is little change in the
clutter cancellation as the number of active rows is varied.

Finally, the effect of number of guard bands for an 8 active row by 128 active column
array is shown in Figure 3-23. As has been observed in the previous sections, two guard
bands provide higher cancellation than no guard bands.
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Figure 3-20. Cancellation as a function of array length for one-half aperture
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elements and (b) dipole elements.
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8 active row by 128 active column DPCA array.
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4. CONCLUSION

This report has investigated the subject of array mutual coupling effects on the displaced
phase center antenna (DPCA) clutter cancellation capability of corporate-fed phased array
antennas. Mutual coupling effects have been modeled using the method of moments for
monopole and dipole phased array antennas. Finite array edge effects and polarization are
inherently included in the analysis. The assumption of an infinite ground plane was made
in the theoretical formulation. The effects of transmit/receive module random errors have
been ignored in this analysis. The theoretical results presented are the upper-bound clutter
cancellation limited by mutual coupling alone.

In Section 2 the theoretical formulation was discussed. A derivation of the factor used
to quantify clutter cancellation has been given in Appendix A.

A variety of sub-scale and full-scale SBR antennas have been analyzed in Section 3. One
such array was a 96-element planar array of monopoles for which measured DPCA clutter
cancellation capability data was available. The theoretical calculations were shown to be
consistent with measurements. Another sub-scale array investigated was a 32-element linear
array which corresponds to a DPCA antenna that has been constructed and is planned to be
tested. These tests will be particularly important in validating the theoretical simulation. For
this antenna, DPCA clutter cancellation predictions have been made and will be compared
with experiments when the measured data become available. Finally, planar arrays of various
sizes, corresponding to sub-scale and full-scale SBR antennas have been analyzed.

Based on the results presented in this report, it is clear that general statements about
the effect of varying the DPCA design parameters are difficult to make. It has been shown
that the clutter cancellation capability of an array is sensitive to many parameters. These
include the scan angle, array illumination, phase center displacement, array size, array lattice,
number of passively terminated element guard bands, and radiating element type. Some
conclusions which can be made are: The cancellation tends to increase as the array size or
number of guard bands increases. For large arrays (>12 meters), a hexagonal lattice provides
better cancellation than does a square lattice. For smaller arrays, the best cancellation which
can be achieved for a given lattice depends on the array element. The array element type
strongly affects the amount of clutter cancellation achieved in sub-scale arrays.

More work is needed to fully understand how the mutual coupling in an array affects
DPCA performance. For example, in the present moment method model there is one un-
known current function per element of the array. It is desirable to be able to vary the number
of unknowns per element of the array to check the convergence of the clutter cancellation.
This may lead to improved prediction capability. Also, the effect of transmit/receive module
errors could be included in the mutual coupling formulation. This would likely provide a
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clutter cancellation prediction capability that would more closely relate to a practical DPCA
radar system.
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APPENDIX A
DERIVATION OF CLUTTER CANCELLATION FACTOR

Consider an N-channel adaptive nulling processor which uses a quiescent steering weight
vector w, in the design of an adaptive weight vector w, for detection. It is assumed that w,
is normalized, such that w,'w, = 1. Let it be assumed at first that the true noise covariance
matrix M is known and that it consists of receiver noise and clutter. Let the N-channel
output vector prior to weighting be denoted . For a given weight vector w, the weighted
output is expressed as

y = wle. (A.1)
Detection will be based on the magnitude of the adaptively weighted quantity

Y, = wiz (A.2)
where,

w, = M 'w,. (A.3)

Now, let s denote the desired signal (target) vector and let » be the noise-only channel

vector. It is assumed that E(nn') = M and E(n) = 0, where E means mathematical
expectation. The desired signal vector can be written as

s=Ap (A4)
where A is a complex amplitude parameter and p is a normalized vector which contains the

relative signal phase shift between channels. It follows that the desired signal expected value
or mean is E(s) = Ap.

The channel output vector is equal to the superposition of signal and noise as,
z=s+n. (A.5)
From the above it is clear that the expected value of the signal plus noise vector is given by
Esin(z) = Ap. (A.6)
The signal-to-noise ratio (SNR) is defined as the ratio of the output power of the signal

alone to the output power of the noise alone. It follows then that the weighted channel
output signal-to-noise ratio can be expressed as
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_ 2
SNR = IES+n(y) En(y)| .

AT
E,.|y? 0
Now, in Equation (A.7) E,(y) = 0 and

E.n(y) = wTEs+n(“’) (A.8)

where the weight vector w is equal to either w, before adaption or w, after adaption. Before
adaption, the expected value of y, for signal plus noise is

E3+n(yt1) = Awqu° (Ag)
The quiescent output power due to noise is expressed as
E,ly,|* = w,'Muw,. (A.10)

Substituting Equations (A.9) and (A.10) into (A.7) yields, for the quiescent signal-to-noise
ratio,

tanl2
_ 2 qu p|

To find the adapted SNR, first substitute Equations (A.3) and (A.6) in (A.8) which produces
 Bep(n) = Aw Mp. (A12)
Next, the output power due to clutter and receiver noise is given by
E.ly.|* = w,' Mw,. (A.13)
Substituting Equation (A.3) in (A.13) yields
E.ly.)* = w,' M w,. | (A.14)
Equations (A.12) and (A.14) are substituted into Equation (A.7) with the result

lw, ' M~ p|?

SNR, = |A]P L,
4] 'quM'l'wq

(A.15)
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In practice, the covariance matrix is not known, and is usually estimated from some
set of sample vectors which have the same noise statistics as @, but which are free of signal
components. This estimation procedure causes a loss in output SNR which was first studied
by Reed, Mallet, and Brennan [15] for the matched case in which p = w,, and by Boroson [16]
for the general mismatched case. In either case, if the covariance estimate is based on a
sufficiently large number of samples, the loss in SNR is small, and it will be ignored in the
remainder of this discussion.

In the two-phase center DPCA case, there are only two channels (N = 2), and a typical
signal vector has form s = Ap, where

p= —1\/3 [ e}’l’ ] : (A.16)

This is 2 normalized vector, and the phase angle 3 corresponds to the Doppler shift associated
with the range rate of the target itself. Let the covariance matrix of the clutter-plus-receiver
noise output of the two channels be

(A.17)

Mz[Mn Ml2]'

MZI M22

Instead of steering for a variety of values of 1, it has been found to be sufficient to use
a single “mismatched” steering vector,

w, = [(1,] (A18)

-

Substituting Equations (A.16), (A.17), and (A.18) into (A.11) yields

A2

SNR, = (A.19)

which is the SNR for channel 1 alone. The clutter returns willi usually dominate the noise,
and since they will have very nearly the same power in the two channels (if the latter are
well matched) then the SNR in channel 2 will be essentially the same as that of channel 1.

Next, to compute the adapted SNR, the inverse of M is needed and is simply

1[ Maz ‘Mw} (A.20)

M1'=_
Al -My My

where,
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A = M11M22 - M12M21 (A21)

is the determinant of M. Substituting Equations (A.16), (A.18), and (A.20) into (A.15)
produces the signal-to-noise ratio after adaption,

— |A|2 | My — M12e5¢|2

o A.22
SNR A 7 ( )
This expression can be rewritten in the form
K My, ;
SNR, = 1— w2 A23
SOML 1,6 | (A.23)
where C, the clutter cancellation factor, is defined by
| Miaf?
c=1- Mal A24
My M, ( )
For strong clutter, M;, will be very nearly equal to Ms,, and the factor
Mz 402 W12 pein2
1 — —=e"™|* & |1 — e¥|* = 4sin®(¢p/2) (A.25)
My,

then describes the variation of SNR with true target Doppler. For targets with very small
range rates, 1 will be nearly zero, and the output SNR itself will be very small. These are
targets which are lost in the clutter return. When + = =, the target range rate corresponds
to the “optimum speed,” in the terminology of conventional MTI radar, and the second
factor in the SNR formula will represent approximately 6 dB of gain. In this case, the target

returns from the two phase centers are combining coherently, and the effective gain of the
full antenna is restored.

The other factor |A|?/(2CMi1) in Equation (A.23) is just like the SNR on channel 1
(Equation (A.19)), but with the clutter-plus-noise power Mj; reduced by the “cancellation

factor” C. This is the quantity in terms of which the DPCA performance is evaluated in the
body of this report.
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